In this study, optical and structural properties of the thin films prepared using glancing angle deposition (GLAD) are investigated. Various glancing angles and substrate rotations are employed to control the columnar microstructure of the films. The results show that as the glancing angle increases, the column angle and the porosity of TiO 2 films increase and the refractive index decreases, due to shadow effects. The optical anisotropy of tilted and zigzag microstructure TiO 2 films have a large anisotropy and reaches a maximum at a glancing angle of 60 o , while that of helical microstructure TiO 2 film deposited at 60 o with substrate rotation shows a very small anisotropy due to the symmetric structure. It is found that the optical anisotropy of TiO 2 films deposited by GLAD can be controlled by modification of microstructure.
INTRODUCTION
In general, optical thin films deposited at low substrate temperature reveal a columnar microstructure, due to low mobility and shadow effects: the columns are grown from the substrate to the top surface of the films and voids exist between the columns [1] . Therefore the optical and structural properties of the columnar thin films are inferior to the corresponding bulk materials. In the past, substantial efforts such as ion-beam assisted deposition, ion-beam sputtering, and so on, have been used to destroy the columnar microstructure and improve the density of the films [2 -4] .
However, minimal research has been carried out for applying a columnar microstructure for new optical coatings and devices [5 -7] . Recently, modification of columnar microstructure using the glancing angle deposition (GLAD) technique has drawn attention because many applications require the nano-engineering technology of optical thin films. The GLAD technique is an oblique angle deposition of thin films to control the nano-scale structure of the films [8] . Obliquely deposited films exhibit anisotropic behaviors in optical and structural properties, in contrast to normally deposited films.
A schematic diagram of the glancing angle deposition with substrate rotation is presented in Fig.  1 (a) . Young and Kowal [9] and later by others [10, 11] , first reported the depositions at oblique incident angles. The columnar direction of these films is obliquely demonstrated in Fig. 1 (b) due to the shadow effects, and the column angle  measured with respect to the substrate normal is smaller than the glancing angle,  , between the flux of vapor and substrate normal 154 [11, 12] . The x-direction is parallel to the substrate surface, the y-direction is perpendicular to the vapor flux, and the z-direction is normal to the substrate surface.
It is well known that GLAD is a technique for fabricating thin film materials with controlled microstructure [11 -13] . This technique is based on physical vapor deposition and employs oblique angle deposition flux and substrate motion, to allow nanometer scale control of the structure in engineered thin film materials [5, 6] . These obliquely deposited films exhibit a physical behavior different from normally deposited films and are used extensively for achieving desirable anisotropic properties for electrical, magnetic, and optical applications [14 -18] . Optical anisotropic thin films are of interest because they can be used as optical components that cannot be constructed from isotropic layers. The optical anisotropy of the films can have various optical applications such as optical retardation plates [14] , anisotropic antireflection coatings [17] , birefrigent omnidirectional reflectors [18] , three-dimensional photonic band gap crystals [19] , and so on. In general, the anisotropic properties of these films originate from the microstructure, due to shadow effects [5, 6] . Therefore, it is important to investigate the relationship between optical anisotropy and columnar microstructure in optical thin films deposited by GLAD. Furthermore, it is expected that GLAD may be employed to control the microstructure and therefore control the optical anisotropy of the films.
This study presents the modification of the microstructure and optical properties of TiO 2 film prepared by electron-beam evaporation using the GLAD technique. Various glancing angles and substrate rotation are employed in order to control the columnar microstructure of the films. The refractive index, optical anisotropy, microstructure, and surface morphologies of the films were investigated using a spectrophotometer, scanning electron microscopy (SEM), and variable angle spectroscopic ellipsometer (VASE). The relationship between the optical anisotropy and columnar microstructure in TiO 2 films deposited by GLAD and the effects of the optical anisotropy on the microstructure, are also investigated.
EXPERIMENTS
TiO 2 films were prepared by electron-beam evaporation using the GLAD technique. The deposition was performed in a vacuum chamber at a base pressure of ~5  10 -6 Torr. The electron-beam evaporator with a 3 cm crucible pocket was located at 45 cm, directly beneath the substrate. The deposition rate and the thickness of the growing films were measured by a quartzcrystal sensor, which was placed near the substrate. 
rpm) were employed to control the microstructure of the GLAD films as tilted, zigzag, and helical structures. The deposition rate of the TiO 2 films was kept at 0.3 nm/s, using a quartzcrystal sensor.
TiO 2 films deposited on glass substrates were used for optical analysis, and films deposited on silicon wafers were used for structural analysis. Optical transmittance and reflectance of the films on glass substrates were measured by a spectrophotometer (Cary 500, Varian) in the wavelength range of 400 to 800 nm. Polarizers were used to measure the transmittance and reflectance. The measurement of transmittance and reflectance was performed in two mutually orthogonal directions with a rotating linear polarizer: the x-direction is parallel to the projection of vapor beam direction on the substrate surface, and the y-direction is perpendicular to the xdirection, as shown in Fig. 1 (b) . The refractive index of the films was determined using an envelope method. The transmission intensity of the films as a function of rotation angle of the films between the two cross-polarizers was measured by a variable-angle spectroscopic ellipsometer (VASE). The cross-section and surface morphologies of the films were investigated using scanning electron microscopy (SEM).
RESULTS AND DISCUSSION

Tilted structure TiO 2 films
The cross-sectional morphologies of tilted structure Fig.  2 show that the TiO 2 films by GLAD have a tilted columnar microstructure. The column angles (of the films with various glancing angles were obtained from the cross-sectional SEM micrographs using an image analysis method. It shows that the column angles ( and the intercolumnar gap (void) of the TiO 2 films increase due to shadow effects, as the glancing angle increases.
The column angle of the tilted structure TiO 2 films at various glancing angles is presented in Fig. 3 . It is well known that the column angle  is smaller than the vapor incident angle α, following the empirical tangent rule, tan  = (1/2) tan α [20] . However, the column angle of the TiO 2 films in our experiments is not consistent with the tangent rule, as shown in Fig. 3 . Therefore, a modified tangent rule for TiO 2 films is empirically proposed as follows; Fig. 4(a) .
The packing density p of a film can be obtained using an approximate linear equation,
Where b n is the refractive index of the bulk, f n is the mean refractive index of the film, and v n is the refractive index of the void (air,
. Therefore, the porosity can be given by (1 ) p  . As the glancing angle increases from 0 o to 80 o , it is found that the mean porosity in the x-and y-direction of the TiO 2 films increases from 20 to 58%. The porosity in the x-direction is larger than that in the y-direction, because the shadow effect of the x-direction is much larger than that of the y-direction, due to asymmetric vapor flux, as shown in Fig. 1(b) . In addition, this result is consistent with an increase in the inter-columnar gap (void) and a decrease in the refractive index of the TiO 2 films as the glancing angle increases.
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films at various glancing angles: (a) Refractive index, and (b) optical anisotropy
The optical anisotropy is defined as yx n n n    , which is the difference in refractive indices between x-and y-directions. As glancing angle increases, the optical anisotropy ( n  ) of TiO 2 films at 532 nm increases, and reaches the maximum value at α = 60 o , and then decreases, as shown in Fig. 4 (b) . The TiO 2 films deposited by GLAD with tilted structure have a large optical anisotropy 0.065 n  at 532 nm, which is consistent with previous reports [14, 16] .
Microstructure controlled TiO 2 films
Since the optical anisotropy of the tilted columnar structure is maximum at α o , the other structures such as zigzag and helical structures become of interest. The zigzag structure was deposited by flip-flopping the substrate at α o , and α -60 o , and the helical structure was deposited by rotating the substrate at 0.33 rpm at α o . The thicknesses of the TiO 2 films for various structures were maintained at 730 nm. The cross-section images of TiO 2 films with tilted, zigzag, and helical structures are presented in Fig. 5 (a), (b) , and (c).
The column direction of the films with tilted and zigzag structure is oblique to the substrate in Fig. 5 (a) and (b) , while the center axis of the film with helical structure is normal to the substrate in Fig. 5 (c) . It appears that the helical structure consists of a series of disks due to the fast rotation of the substrate: the diameter of the disk of the TiO 2 film with helical structure is approximately 80 nm and the pitch is approximately 120 nm. The column diameter of the TiO 2 films with tilted and zigzag structure is approximately 80 nm. It shows that the glancing angle and substrate rotation are very useful for control of columnar microstructure. However, circle-like shapes are observed in the top surface of the TiO 2 film with a helical structure at α = 60 o in Fig. 6 (b) . The surface morphology of the TiO 2 film with helical structure at α = 60 o appears to be symmetric in the x-and y-direction due to the symmetric incoming vapor flux. It is expected that the optical property of TiO 2 film with a helical structure is isotropic, due to symmetric microstructure.
The optical anisotropy of the various columnar microstructure TiO 2 films at 532 nm is presented in Fig. 7 . The optical anisotropy ( n  ) of the TiO 2 films with both tilted and zigzag structures at 532 nm is 0.065 n  , while the TiO 2 film with helical structure shows a very small optical anisotropy, 0.004 n  . This result shows that the optical anisotropy of the TiO 2 films can be controlled by modification of the microstructure.
To verify the optical anisotropy of the TiO 2 films, transmission intensity of TiO 2 films is measured as a function of the rotation angle of the films between two crossed linear polarizers at 532 nm. The transmitted intensity of a phase retardation plate [21] is given by: respectively, as presented in Fig. 8 (a) and (b) . It shows that TiO 2 films with tilted and zigzag structures at α = 60 o behave like a sinusoidal function, while the TiO 2 film with helical structure at α = 60 o shows a very small and flat intensity, as shown in Fig. 8(c) . It shows that TiO 2 films with tilted and zigzag structure have a large optical anisotropy, while TiO 2 films with helical structure have a very small optical anisotropy.
CONCLUSIONS
Various glancing angles as well as substrate rotation were employed to control the microstructure of TiO 2 films using glancing angle deposition (GLAD) and the effects of the microstructure on the optical anisotropy have been studied. The results show that as the glancing angle increases, the column angle and the porosity of TiO 2 films increase due to the shadow effects, and the refractive index decreases. The optical anisotropy of the tilted and zigzag structure TiO 2 films is maximum at α = 60 o , while the TiO 2 film of the helical structure appears to experience very small anisotropy, due to the symmetry of the helical structure. It is found that the optical properties (optical anisotropy and refractive index) of the TiO 2 films deposited by GLAD, depend on the arrangement of microstructure and can be controlled by modifying the microstructure.
